LiMnPO 4 is a potential cathode for lithium-ion battery of high thermal stability, low cost, environmental sustainability and high theoretical energy density. However, this intriguing olivine material suffers from intrinsic sluggish kinetics of lithium (de)insertion, which limits the reversible reaction in practical lithium cells. Herein we report a careful study of the impedance features of LiMnPO 4 during electrochemical reaction in lithium cell. The LiMnPO 4 material is prepared by solgel method and fully characterized by X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The material shows suitable galvanostatic cycling with a working voltage of about 4.1 V, which is higher than the 3.5 V value expected from the most common olivine material, i.e., LiFePO 4 , however with a low specific capacity. Hence, electrochemical impedance spectroscopy (EIS) is used to study the lithium (de-)insertion within the LiMnPO 4 structure. The results indicate an impedance behavior depending on the state of charge and a lithium diffusion coefficient trend slightly decreasing during Manuscript revised Click here to view linked References cell operation within the 10 −14 − 10 −13 cm 2 s −1 range. The electrochemical study in lithium cell reveals remarkable enhancement of the electrode kinetics at 70°C, which suggests preferred application of LiMnPO 4 materials at the higher temperatures.
Introduction
The use of phospho-olivine cathodes in lithium secondary batteries was firstly investigated in the late ninety with promising results [1, 2] . Afterward, intense research efforts [3] [4] [5] [6] focused on the use of LiFePO 4 as new positive electrode characterized by improved thermal stability [7] , low cost, and modest environmental impact [8] compared to Co-based layered oxides. LiFePO 4 has working potential of about 3.5 V vs. Li + /Li and theoretical capacity of 170 mAh g −1 , which leads to a theoretical energy density of about 600 Wh kg −1 [2, 3] . Basing on several works reporting on its enhanced electrochemical properties, LiFePO 4 of various morphologies has been proposed as the positive electrode in commercial lithium-ion batteries [8, 9] .
The growing interest towards high-energy storage devices promoted studies of phosphoolivines based on Mn, Co, and Ni, thus characterized by increased electrochemical potential [10] [11] [12] [13] [14] [15] [16] . Among them, LiMnPO 4 was widely investigated due to promising electrochemical features, such as a specific capacity comparable to LiFePO 4 and working voltage of 4.1 V vs. Li + /Li, which lead to a higher theoretical energy density (700 Wh kg −1 ) with respect to LiFePO 4 [17] . Additional advantages of LiMnPO 4 are represented by its low cost, limited environmental impact, and high thermal stability with respect to conventional Co-based oxide cathodes, used in the most common lithium-ion battery configuration [18] . However, many works pointed out the intrinsic slow kinetics of LiMnPO 4 olivine phases [19] [20] [21] , which require careful tuning of the synthetic parameters to produce electrode materials with satisfactory electrochemical performances [22] [23] [24] [25] [26] [27] . LiMnPO 4 cathode is characterized by: i) electronic conductivity values lower than 10 −9 S cm −1 [20, 28] ; ii) polaron (electrons and holes) migration barrier higher with respect to LiFePO 4 , both for lithiated and delithiated phases [29] ; iii) strong Jahn-Teller deformation of Mn 3+ hindering the LiMnPO 4 delithiation and leading to LiMnPO 4 /MnPO 4 interphase mismatch [19, 21] . The lithium diffusion coefficient (D Li +) of LiMnPO 4 was reported within a wide range [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In particular, variation of D Li + by changing the electrode state of charge has been reported in lithium cell using several olivine electrodes [33, 35, 40] . In this work we investigate a LiMnPO 4 prepared by sol-gel approach. The electrode is characterized by XRD, TGA, and electron microscopy. Hence, the electrochemical study in lithium cell is performed at room temperature as well as at 70°C by coupling EIS and galvanostatic cycling, in order to fully investigate the electrode kinetics.
Materials and methods
LiMnPO 4 was synthesized by a sol-gel method. A water solution containing lithium dihydrogen phosphate (LiH 2 PO 4 , Sigma-Aldrich), manganese acetate tetrahydrate ((CH 3 COO) 2 Mn·4H 2 O, Sigma-Aldrich) and citric acid (Sigma-Aldrich) in the molar ratio 1:1:1 was mixed in a rotary evaporator at 60°C until a gel was formed (after about 12 h of stirring). The gel was dried overnight in oven at 70°C, heated under air to 350°C with a rate of 2°C min −1 , and held 1 h at 350°C. The powder so obtained was ground in a mortar, heated under air to 550°C with a rate of 5°C min −1 , and held 10 h at 550°C to obtain the LiMnPO 4 phase. This sample (light gray powder in Fig. 1 , following indicated by the acronym LMP) was afterwards carbon coated by pyrolysis procedure described in previous works [11, 40] . The LMP powder was suspended in a sucrose (Sigma-Aldrich)/water solution (weight ratio LMP:sucrose = 80:20 %); the suspension was dried in a rotary evaporator at 60°C in order to precipitate a homogeneous sucrose layer over the olivine particles. The powder above obtained was heated under Ar flow to 700°C with a rate of 5°C min −1 , and held 3 h at 700°C to produce a carbon-LiMnPO 4 composite (black powder in Fig. 1 , following indicated by the acronym LMP@C). Thermogravimetric analysis (TGA; SDTA 851 Mettler-Toledo) was performed on LMP@C in a 60 ml min −1 air flow at a heating rate of 10°C min −1 from 25°C in order to estimate the carbon content. XRD experiments were carried out by using a Rigaku Xray Ultima + diffractometer equipped with a Cu Kα source and a graphite monocromator for the diffracted beam. The XRD patterns refinement was performed by using the MAUD analysis software [41] . Samples morphology was investigated by scanning and transmission electron microscopies (SEM and TEM, respectively). SEM images were taken by a Zeiss EVO 40 microscope, equipped with a LaB 6 thermo-ionic electron gun. TEM images were taken by Zeiss EM 910 microscope, equipped with a tungsten thermo-ionic electron gun operating at 100 kV. Galvanostatic cycling measurements were performed by using a Maccor Series 4000 battery test system. Li/LMP@C cells were cycled at room temperature (25°C) in the voltage range 2.5 − 4.6 V by following a constant current-constant voltage (CC-CV) procedure during charge, and a constant current (CC) procedure during discharge: charge and discharge were carried out at a CC of C/20 (1C = 170 mA g −1 ), with a CV step at the end of charge at 4.6 V until a current value of C/50 was reached. Further galvanostatic cycling tests on Li/LMP@C cells were carried out at 70°C in the 2.5 -4.5 V voltage range by using CC procedure at several current rates, i.e., C/5, C/3, C/2, and 1C (1C = 170 mA g −1 ).
Electrochemical impedance spectroscopy (EIS) tests were carried out on a lithium half-cell at several states of charge obtained during a single CC-CV cycle. EIS spectra were recorded at OCV, at 4.3 V, at 4.6 V at the end of CC charge, at 4.6 V at the end of CV charge, at 3.96 V and 3.3 V during discharge, and at 2.5 V at the end of discharge. The EIS experiments during chargedischarge were performed through a VSP Bio-Logic multichannel potentiostat/galvanostat by applying a 10 mV amplitude alternate signal in the frequency range 500 kHz -20 mHz. The EIS spectra were analyzed by nonlinear least-square (NLLS) fit [42] using the Boukamp program.
Figure 1

Results and discussion
Structural disorder in the olivine lattice may partially hinder the lithium exchange ability within the [010] channels [15] . Meanwhile, post-synthesis annealing, widely used to improve the electrochemical performances, may induce slight structural changes within the olivine polyanionic network due to decrease of cationic disorder between lithium and transition metal [43, 44] . Hence, XRD analysis has been performed before and after carbon coating in order to check the structural characteristics of the synthesized material. annealing. The micrometrical morphology may actually limit the electrolyte decomposition at the higher voltage values and advantageously increase the material tap density [45] . However, particles of excessively increased size generally hinder lithium diffusion within the material, thus limiting its electrochemical behavior. Indeed, suitable particle morphology is of key importance in order to allow proper material operation in lithium cell [25] . TEM images of Fig [20, 28, 29] . Therefore, following we report a study suitable for better understanding the lithium diffusion characteristics within the LMP@C material.
Figure 4
The lithium diffusion properties of the LMP@C electrodes were evaluated by analyzing the EIS data of Fig. 4b using the following equation [40, 48, 49] : (1) where R is the gas constant (8.314 J K −1 mol −1 ), T is the temperature (298 K), z = 1 is the number of exchanged electrons, F is the Faraday constant (96485 C mol −1 ), C is the Li + concentration within the LiMnPO 4 lattice (mol cm −3 ), which varies during (de)lithiation, and A is the electrode geometric area (0.785 cm 2 ). σ is the pre-exponential factor in the equation of the complex impedance vs.
frequency (ω) within the semi-infinite diffusion condition ( ) [47]:
(2) Accordingly, σ was determined by linear interpolation of the plots reported in Fig. 5 , in which the real and imaginary components of Z * in the Warburg region (i.e., Z' and Z'', respectively) were reported as function of . The figure reveals both for Z' and for Z'' a linear trend vs.
with the same slope (σ) within the experimental error, thus confirming the mentioned semi-infinite diffusion condition. Hence, we calculated D Li + by applying equation (1) using the above obtained σ, related to the impedance spectra of Fig. 4b LiMnPO 4 material prepared by solid-state approach has shown a lithium diffusion coefficient ranging from 10 −11 to 10 −13 cm 2 s −1 at various state of charges [33] .
These data indicate that relevant changes of the lithium transport properties in LiMnPO 4 samples are attributed to the synthesis procedure, which strongly affects the structural and morphological features of the cathode. Despite the limited variation of the lithium transport properties of the material observed throughout operation in lithium cell, it is noteworthy that our study reveals lithium diffusion coefficient values consistent with those already reported in previous investigations. However, significant change of the lithium diffusion coefficient cannot be excluded for x > 0.7 in xMnPO 4 /(1-x)LiMnPO 4 , which is the maximum delithiation degree estimated by galvanostatic cycling (Fig. 4d) and represented in the scheme of Fig. 6a (bottom panel, end of charge). Further effect on D Li + may be attributed to incomplete discharge process (scheme of Fig.   6a , end of discharge), and requires further investigation to be fully clarified.
Figure 6
The results herein reported agrees with current literature works suggesting the hindered kinetics of lithium insertion/deinsertion for LiMnPO 4 materials with respect to LiFePO 4 [19] [20] [21] .
This severe issue represents the main problem limiting the effective employment of Mn-based olivines as cathodes in lithium battery. The increase of operating temperature may actually favor the Li + transport ability of olivine materials, thus improving the electrochemical performances, even at the higher currents [50] [51] [52] . This trend is confirmed by the cycling tests performed at 70°C shown by Fig. 6a , which clearly reveal the beneficial effect of the temperature increase on LiMnPO 4 electrochemical properties. Indeed, the voltage profiles at increasing several current rates of Fig. 6b show remarkable enhancement with respect to the electrochemical performance at room temperature (compare with Fig. 4d ). The electrode delivers reversible capacity of 127, 112, 98, and 90 mAh g −1 at C/5, C/3, C/2, and 1C rates (1C = 170 mA g −1 ), respectively (see Fig. 6b ), however with lower coulombic efficiency during the first cycles, i.e., within the 85 -88 % range, attributed to side electrolyte decomposition favored by the higher temperature. Nevertheless, Fig. 6c indicates reversible operation of LiMnPO 4 at C/2 rate after the 1 st cycle, with voltage profiles centered at 4.1 V, discharge capacity of about 104 mAh g −1 , and charge-discharge polarization of about 0.18 V.
The cell shows a relatively stable cycling trend and coulombic efficiency approaching 96 % after 30 cycles, as confirmed by Fig. 6d .
Conclusion
We Comparison of these values with literature reports suggested that the lithium diffusion coefficient evaluation is strongly affected by (i) the structural and morphological characteristics of the material due to the synthesis procedure, (ii) the adopted experimental setup used for evaluation. The electrode kinetics in lithium cells are significantly enhanced by rising temperature to 70°C, thus leading to reversible operation at a c-rate as high C/2 (1C = 170 mA g −1 ) with discharge capacity approaching 100 mAh g −1 . 
